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ABSTRACT 

A method of measuring f l u c t u a t i o n s  i n  v e l o c i t y  
by means of a ho t  wire  anemometer system has  been devel-  
oped and app l i ed  i n  a flow f i e l d  where l a r g e  concen t r a t ion  
g r a d i e n t s  e x i s t .  The flow f i e l d  chosen i s  a coax ia l  flow 
of  two d i s s i m i l a r  f l u i d s  w i t h  a dens i ty  r a t i o  of 4 : l .  The 
f l u i d  medium i s  a i r  and the  o t h e r  f l u i d  i s  Freon-12. 

T h i s  system i s  of p re sen t  i n t e r e s t  i n  t h e  devel-  
opment of a gaseous c o r e - n u c l e a r  rocket  r e a c t o r .  It a l s o  
f i n d s  a p p l i c a t i o n  i n  the  development and use  of e j e c t o r s ,  
j e t  pumps, a f t e r  burners ,  combustion chambers and plasma 
i n j e c t i o n  systems. 

F luc tua t ions  i n  v e l o c i t y  and d e n s i t y  a r e  r e l a t e d  
t o  t h e  f l u c t u a t i o n s  i n  power l o s s  o f  t h e  hot  w i re s .  How- 
ever ,  an  a p p l i c a t i o n  of power l o s s  c o r r e l a t i o n  t o  d a t a  taken 
from two p a r a l l e l  wi res  i n  coax ia l  flow f a i l e d  t o  g ive  reason-  
a b l e  va lues .  The reasons f o r  t he  f a i l u r e  of t h i s  accepted 
method a r e  analyzed.  

The i n a p p l i c a b i l i t y  of applying t h i s  method t o  t h e  
p a r a l l e l  wire d a t a  l e d  t o  the  development of t h e  new method 
'based on the  use  of an a s p i r a t i n g  dens i ty  probe i n  conjunc- 
t i o n  w i t h  t he  p a r a l l e l  wi res .  The equat ions  found, when ap- 
p l i e d  t o  coax ia l  flow da ta ,  g ive  values t h a t  a r e  reasonably 
damped w i t h  r e s p e c t  t o  d e n s i t y  f l u c t u a t i o n s .  Also, t h e s e  
c o r r e l a t i o n s  a r e  found t o  be inapp l i cab le  i n  c e r t a i n  mean 
v e l o c i t y  ranges,  i . e . ,  a t  low and very high v e l o c i t i e s .  

Resul t s  of c a l c u l a t i o n s  of v e l o c i t y ,  d e n s i t y  and 
f l u c t u a t i o n s  i n  v e l o c i t y  and dens i ty  i n  coax ia l  flow of t h e  
a i r - f r e o n  system a r e  presented  and d iscussed .  
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I INTRODUCTION 

The s tudy  of s h e a r  f lows has been c a r r i e d  on f o r  

many y e a r s  because of t h e i r  wide occurrence i n  n a t u r e  and 

i n  machinery,  I n  t h e  experimental  s t u d i e s  c a r r i e d  out  on 

s h e a r  f lows ,  measurements have been made mainly of l o c a l  

mean v e l o c i t i e s .  Where g r a d i e n t s  i n  temperature  and  d e n s i t y  

were also p r e s e n t ,  it u s u a l l y  w a s  t h e  mean va lues  of t h e s e  

q u a n t i t i e s  t h a t  were also measured. There also has  been con- 

siderable use  of t h e  hot -wire  anemometer to measure f l u c t u a -  

t i n g  v a l u e s  of t h e  v e l o c i t y  when t h e r e  are no g r a d i e n t s  of 

d e n s i t y  o r  tempera ture  p r e s e n t  One i n v e s t i g a t i o n  inc luded  

tempera ture  f l u c t u a t i o n s  a long  wi th  v e l o c i t y  f l u c t u a t i o n s .  

However, i n v e s t i g a t i o n s  i n c l u d i n g  v e l o c i t y  and d e n s i t y  f luc-  

t u a t i o n s  where gradients of bo th  p r o p e r t i e s  a r e  p r e s e n t  i n  

t h e  f low f i e l d  have been conspicuously l a c k i n g  i n  t h e  l i t e r -  

a t u r e .  

It i s  t h e  ob' ject  of t h i s  work t o  deve lop  a method 

f o r  o b t a i n i n g  v e l o c i t y  f l u c t u a t i o n s  i n  a s h e a r  f low wi th  a 

large d e n s i t y  g r a d i e n t ,  u s i n g  a hot-wire  anemometer system, 

The system chosen f o r  t h e  i n v e s t i g a t i o n  i s  one t h a t  i s  of 

p r e s e n t  i n t e r e s t  f o r  gaseous c o r e  nuc lear - rocket  r e a c t o r s  

It i s  shown i n  F i g u r e  l.J9 A low v e l o c i t y ,  h igh  d e n s i t y  Freon- 

12 j e t  i s  surrounded by a large, high v e l o c i t y ,  low d e n s i t y  

a i r  stream. Measurements of t h e  v e l o c i t y  f l u c t u a t i o n s  a r e  

o b t a i n e d  i n  t h e  mixing reg ion  where g r a d i e n t s  of bo th  t h e  

v e l o c i t y  and d e n s i t y  a r e  h igh ,  

1 
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FIG, 1.1 FLOW SYSTEM 
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S e v e r a l  exper imenta l  runs were made f o r  t h i s  system 

which has  a d e n s i t y  r a t i o  of l:l+ at v e l o c i t y  r a t i o s  ranging 

f r o m  5:1 t o  40: l .  

veloped i n  t h i s  work. 

v a l u e s  of t h e  f l u c t u a t i o n s  i n  dens i ty ,  bu t  t h i s  proved un- 

f r u i t f u l  o 

The d a t a  were analyzed wi th  t h e  method de- 

An a t tempt  was a l s o  made t o  o b t a i n  



I1 BACKGROUND 

Several theoretical and experimental studies on 

the mixing of coaxial streams have already been made, and 

a brief review of these past investigations, with special 

reference to measurements of turbulence quantities will be 

presented in this chapter, 

Since the flow of streams with free boundaries 

such as jet and coaxial flow are inherently turbulent, (ex- 

cept perhaps at the mouth of the flow nozzle), most of the 

investigations are confined to turbulent flows. These flows 

are characterized by a random fluctuating flow superimposed 

on a time smoothed flow. 

u = u + u u ’  V = ? + v ’  p = ; + p r  
- 

P = P + p ’  

The average term denoted by the barred quantity is defined by 

taking a time average of the instantaneous component over a 

time interval T. This time T is large compared to the time 

scale of turbulence but small enough to detect slow variation 

or unsteadiness in the mean flow. For a general component Q, 

theref ore, 
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and 

While t h e  t ime average of any one f l u c t u a t i n g  q u a n t i t y  i s  zero ,  

t h e  t i m e  average of t h e  product  of two f l u c t u a t i n g  q u a n t i t i e s  

i s  no t  n e c e s s a r i l y  ze ro  and is ze ro  only i f  t h e  two q u a n t i t i e s  

cannot be s t a t i s t i c a l l y  related t o  one another .  

Many of t h e  i n v e s t i g a t i o n s  i n  t h e  f i e l d  of t u r b u l e n t  

je ts  w e r e  involved wi th  de te rmining  t h e  t u r b u l e n t  v e l o c i t y  and 

d e n s i t y  d i s t r i b u t i o n  and t h e  v a l u e  of t h e  t u r b u l e n t  t r a n s p o r t  

c o e f f i c i e n t  A,, c a l l e d  t h e  eddy v i s c o s i t y ,  from experimental  

t echn iques .  A few of t h e  i n v e s t i g a t o r s  are: 

eril', Ragsdale e t  all', and Boehmanl'. 

made an a n a l y s i s  of t h e  mix ing  of coax ia l  s t reams of dissimilar 

f l u i d s  and t h e o r e t i c a l l y  p r e d i c t e d  the  v e l o c i t y  and d e n s i t y  

d i s t r i b u t i o n  by a numerical  s o l u t i o n  of t h e  system. 

Tollmien 5 , Guer- 

t h e r  6 , Keuthe 7 , Squ i re  and Trouncer 7 , F e r r i  e t  a1 9 , Alpin i -  

Weinstein and Todd 13 

Corrs in l '  appears  to be the  f i r s t  t o  r e p o r t  any 

f l u c t u a t i n g  data on t h e  round f r e e  j e t .  He measured turbu-  

l e n c e  i n t e n s i t i e s  i n  a homogeneous j e t  w i th  a h o t  wi re  ane- 

mometer and, la ter ,  wi th  Uberoi15, repor ted  tempera ture  f luc-  

t u a t i o n s  i n  a h o t  j e t .  It also appears t h a t  h e  was one of t h e  

f i r s t  t o  ana lyze  t h e  e f f e c t  of f l u i d  stream p r o p e r t i e s  on t h e  

h o t  w i r e  anemometer system. I n  one of h i s  r epor t sz1  he pre-  

s e n t e d  t h e  r e l a t i o n s h i p s  between t h e  power loss i n  t h e  ho t  w i r e  

5 



and t h e  v e l o c i t y  and d e n s i t y  and t h a t  of power f l u c t u a t i o n s  

to v e l o c i t y  f l u c t u a t i o n s .  He also mentioned t h e  p o s s i b i l i t y  

of measuring d e n s i t y  f l u c t u a t i o n s  from t h e  power l o s s  f l u c -  

t u a t i o n s  of two hot  w i re s  of d i f f e r e n t  diameters. 

Tani and Kobashi16 r e p o r t e d  measurements of tu rbu-  

l e n t  q u a n t i t i e s  f o r  homogeneous c o a x i a l  f low i n  1951. The i r  

appara tus  c o n s i s t e d  of a 

t unne l  60 c m  x 60 cm. U t i l i z i n g  a h o t  w i re  anometer, t h e y  

measured tu rbu lence  i n t e n s i t i e s  i n  t h e  a x i a l  ( ~ ' 2 ) "  and radial  

( v ' ~ ? ) ~  d i r e c t i o n s  and t h e  t u r b u l e n t  Reynolds s t r e s s  u 'v ' .  

They p r e s e n t e d  curves  of each q u a n t i t y  v e r s u s  a dimens ionless  

9 mm d iameter  j e t  exhaus t ing  i n t o  a 

- 1  

- 1  

r ad ius ,  f o r  va r ious  a x i a l  p o s i t i o n s ,  all f a r  downstream from 

t h e  j e t  mouth. I n  a c o n t i n u a t i o n  of t h e  work Kobashil '  r e p o r t e d  

temperature  f l u c t u a t i o n  measurements of a h o t  f r e e  j e t ,  t aken  

with a s i n g l e  w i r e  anemometer. He r e p o r t e d  cu rves  of f l u c t u a -  
- - 1  - 1  

t i n g  t empera tu re  (t '2)", ( ~ ' 2 ) "  and t h e  c o r r e l a t i o n  u ' t  ' versus  

dimensionless  r ad ius .  

Zawacki has  also r e p o r t e d  +he t u r b u l e n t  terms 

- - 1  - 1  
2)5 (v '2)z u 'v '  , - - c and -_ ' 2 ) +  ( , I ; ? ) +  

U U (u  

f o r  c o a x i a l  homogeneous cons t an t  t empera tu re  t u r b u l e n t  j e t s ,  

His 

8 inch by 8 inch  d u c t .  

s i n g l e  and c r o s s  wi re  hot f i l m  anemorneters. H e  took  measure- 

ments at v a r i o u s  axial p o s i t i o n s ,  c l o s e  to t h e  nozz le  as w e l l  

appara tus  c o n s i s t e d  of a 314 i nch  d i ame te r  j e t  i n  an 

Measurements were made u s i n g  bo th  

6 



as f a r  downstream. 

measure c o n c e n t r a t i o n  f l u c t u a t i o n s  i n  a smoky j e t ,  

Rosensweigl* used an o p t i c a l  t echn ique  to 

Blackshear  and Fingerson19 also have r e p o r t e d  concen- 

I t r a t i o n  f l u c t u a t i o n  measurements i n  a f r e e  j e t .  They used  a 

hel ium j e t  i s s u i n g  from a 1.27 c m  o r i f i c e  i n t o  room a i r  as a 

medium. Measurements were t aken  w i t h  an o r i f i c e  o r  a s p i r a t o r  

probe ,  These were made 15 diameters  away from t h e  o r i f i c e .  

, 
I 

1 
I 

w i r e  anemometers to measure concen t r a t ion  and v e l o c i t y  f l u c -  

I Conger" used  a c l o s e d  system wind  t u n n e l  and h o t  

I v e l o c i t y  t o  d e n s i t y  o r  temperature .  Under t h i s  assumption, he 

~ 

could  t h u s  use  a p a r a l l e l  w i r e  anemometer and separate t h e  ve lo-  

I c i t y  and c o n c e n t r a t i o n  f l u c t u a t i o n s .  

7 



I11 ANALYTICAL DISCUSSION 

A. Fundamental R e l a t i o n s h i p  

The loss of h e a t  from s m a l l  h e a t e d  c y l i n d e r s  placed 

i n  a f l u i d  s t r eam w a s  f i r s t  s t u d i e d  e x t e n s i v e l y  i n  connec t ion  

with h o t  w i r e  anemometry by King2’. S i n c e  then ,  many o t h e r  

i n v e s t i g a t i o n s  have been undertaken.  

ana lyses  t h a t  have been made, it is  now e s t a b l i s h e d  t h a t  t h e  

hea t  l o s s  from a ho t  s e n s o r  can be r e p r e s e n t e d  by an expres s ion  

of t h e  form: 

From t h e  many exper imenta l  

P = (A  + BVn) (ts - t e )  I11 - 1 

Where A and B are numerical  c o n s t a n t s ,  V i s  t h e  normal v e l o c i t y  

past t h e  sensor ,  ts i s  t h e  tempera ture  of t h e  sensor ,  t e  i s  t h e  

temperature  of t h e  environment, and P t h e  power required to 

maintain t h e  s e n s o r  at t h e  tempera ture  ts. The cons t an t  n i s  

u s u a l l y  t aken  t o  be 1/2. An equa t ion  of t h i s  form adequate ly  

desc r ibes  the power i n p u t  ve r sus  v e l o c i t y  c h a r a c t e r i s t i c s  f o r  

hot  w i r e  anemometers so  long  as t h e  v e l o c i t y  i s  s u f f i c i e n t l y  

high. I f  t h e  v e l o c i t y  i s  low, below about cne f o o t  per second, 

t h e  power input  ve r sus  square r o o t  of v e l o c i t y  becomes non- 

l inear.  

Experimental  i n v e s t i g a t o r s  of h o t  w i r e  anemometry 

agree i n  t h e i r  r e s u l t s ,  and t h e  only  d i f f e r e n c e  i n  t h e  a n a l y s i s  

l i e s  i n  t h e  expres s ion  f o r  t h e  c o n s t a n t s  A and B. The fol low- 

ing  empi r i ca l  r e l a t i o n s h i p  d e s c r i b i n g  the h e a t  t r a n s f e r  w a s  

given by K r a m e r ~ ~ ~  and i s  wide ly  used. 

8 



Where Nu i s  t h e  Nusse l t  number, P r  i s  t h e  P r a n d t l  number, and 

R e  i s  t h e  Reynolds number, The cons t an t s  A and B are g iven  by, 

0.42 n e kf 1 ( P r ) f o ' 2 0  h =  
a R  

1 0  

B = 0.57 n e kf 1 ( P r ) f 1 1 3  ( p f  d ) O ' 5  

I11 - 3 

I11 - r, 
a R  

1 0  "f 

Where e i s  t h e  convers ion  cons t an t ,  k t h e  thermal  conduc- 

t i v i t y ,  p t h e  v i s c o s i t y ,  p t h e  dens i ty ,  a t h e  l i n e a r  

t empera tu re  c o e f f i c i e n t  of e l e c t r i c a l  r e s i s t i v i t y ,  R t h e  w i r e  

r e s i s t a n c e  a t  a r e f e r e n c e  temperature  1 t h e  w i r e  l eng th ,  

d t h e  w i r e  d iameter  and t h e  s u b s c r i p t  f means t h e  q u a n t i t y  

i s  e v a l u a t e d  a t  t h e  f i l m  temperature .  The f i l m  tempera ture  

i s  taken  as an a r i t h m e t i c  average of t h e  s e n s o r  tempera ture ,  

ts, and t h e  environment tempera ture  te. Thus, t h e  c o n s t a n t s  

A and B depend on t h e  p h y s i c a l  p r o p e r t i e s  of t h e  sur rounding  

medium as w e l l  as t h e  dimensions of t h e  w i r e .  

1 

0 

I n  p r a c t i c e ,  A and B a r e  exper imenta l ly  determined 

as w a s  done f o r  t h e  a i r  and f r e o n - a i r  mix tures  d e s c r i b e d  i n  

t h e  r e p o r t .  It i s  a l s o  p o s s i b l e  t o  c a l c u l a t e  t h e  equ iva len t  

l e n g t h  and d iameter  of t h e  senso r  from a pure  a i r  c a l i b r a t i o n  

and equa t ions  I11 -- 3 and I11 - 4 and t h e n  estimate A and B 

9 



f o r  o t h e r  gas  mixtures  by comparing p h y s i c a l  p r o p e r t i e s .  

es t imate ,  however, i s  no t  accu ra t e .  

This  

B. Re la t ionsh ips  i n  Concent ra t ion  Measurement 

The u t i l i t y  of h o t  w i re  anemometers l i e s  i n  t h e i r  

response to f l u i d  s t ream p r o p e r t i e s  such as average concent ra -  

t i o n ,  average v e l o c i t y  and f l u c t u a t i o n s  i n  c o n c e n t r a t i o n  and 

v e l o c i t y ,  Thus, i n  non- turbulen t  f low of c o n s t a n t  v e l o c i t y ,  

the  d e n s i t y  may be found by a d i r e c t  a p p l i c a t i o n  of equa t ion  

I11 - 1 and I11 - 2 ,  It may also be found through an e m p i r i c a l  

equat ion  o r  graph r e l a t i n g  d e n s i t y  and power l o s s  through t h e  

wire.  

The d e n s i t y  measurement i s  not  as s imple  i f  one i s  

measuring t h e  d e n s i t y  i n  a reg ion  of f low where bo th  a v e l o c i t y  

and d e n s i t y  g r a d i e n t  a r e  p r e s e n t .  A h o t  f i l m  senso r  mounted 

i n  a s o n i c  a s p i r a t o r  probe can be used  to measure concent ra -  

t i o n s  i n  t h i s  t y p e  of f low f i e l d .  S u f f i c e  it t o  say  i n  t h i s  part 

of t h e  d i s c u s s i o n  t h a t  t h e  power loss from t h e  s e n s o r  becomes 

a func t ion  of t h e  molecular  weight of t h e  gas f lowing  p a s t  i t .  

Hence, i f  P be t h e  power inpu t  to t h e  senso r ,  

P = P ( c )  I11 - 5 

The above equa t ion  i s  v a l i d  on ly  when t h e r e  i s  no 

f l u c t u a t i o n  i n  concen t r a t ion .  I n  g e n e r a l ,  i f  P i s  t h e  average  

power loss and i s  t h e  average c o n c e n t r a t i o n ,  it can not be 

s a i d  t h a t  

F = P ( C )  111 - 6 
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I n  f low streams w i t h  f l u c t u a t i n g  c o n c e n t r a t i o n ,  t h e  

r e l a t i o n s h i p  of average power loss P to average concent r a t  i o n  

c may be d e r i v e d  as fo l lows ,  The ins tan taneous  power l o s s  may 

be expressed as t h e  sum of t h e  mean power l o s s  and a f l u c t u a -  

- 

t i n g  component p ' .  Hence, 

P = F + p '  I11 - 7 

j Likewise,  

- 
c = c + c '  I11 - 8 

Where c i s  in s t an taneous  concen t r a t ion  a t  a p o i n t ,  C i s  t h e  I 

I mean c o n c e n t r a t i o n  a t  t h a t  p o i n t ,  and c '  i s  t h e  f l u c t u a t i n g  

I component of concen t r a t ion .  

From equat ion  I11 - 5, t h e  fo l lowing  i s  ob ta ined :  

P + p' = P(C + c ' )  I11 - 9 

and by a Taylor  se r ies  expansion, 

I11 -10 - dP c '  dzP c ' ~  + .,. Y + p' = F ( E )  + -  + - -  
dc d c 2  2! 

ave rag ing  wi th  t i m e ,  
- 

+ ... I11 -11 p = P ( E ) + - - + - -  - d?P c '2  d2P c ' ~  
d z 2  2! dc3 3 !  

Thus, t h e  average power l o s s  i n  a wire does no t  cor respond t o  

t h e  average  concen t r a t  i on  a t  a poin t  where f l u c t u a t i o n s  ex is t  

Equat ion I11 - 11 w i l l  be u s e f u l  i n  a l a t e r  d i s c u s s i o n .  
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C .  R e l a t i o n s h i p s  f o r  Ve loc i ty  Measurement 

I n  non- turbulen t  f low, t h e  v e l o c i t y  p a s t  a s e n s o r  

may be c a l c u l a t e d  by a d i r e c t  a p p l i c a t i o n  of equa t ion  I11 - 1, 

assuming t h a t  t h e  d e n s i t y  i s  known. I n  t u r b u l e n t  f low,  t h e  

r e l a t i o n  between average v e l o c i t y  and average power loss i s  

d i f f e r e n t  from t h a t  g iven  by equa t ion  I11 - 1. 

be dealt wi th  he re ;  one app ly ing  to homogenous f low and t h e  

o t h e r  t o  heterogenous flow. 

Two c a s e s  w i l l  

1. Homogenous t u r b u l e n t  f low 

The v e l o c i t y  V p a s t  t h e  s e n s o r  i s  assumed to be made 

up  of an average s t ream v e l o c i t y  U and f l u c t u a t i n g  com- 

ponents  u '  and v '  i n  t h e  f low d i r e c t i o n  and perpendic-  

ular t o  t h e  f low d i r e c t i o n  r e s p e c t i v e l y .  Thus, 

I11 -12 

The q u a n t i t y  Vn may be  expanded i n  a s e r i e s  t o  g i v e ,  

nu' + n(n-11  ( g ) 2  + 

U 2 U 
-n vn = u Ll + -- - 

I11 -13 

The average power loss may be g iven  by t h e  equa t ion :  

= x ( c )  + B(c)V' I11 -14 

I n  homogenous medium 

- 
A ( c )  = A ( E )  = c o n s t a n t  

B ( c )  = B ( E )  = c o n s t a n t  

12 



so  t h a t  equa t ion  111 - 14 becomes 

- I 
P = A + BV2 I11 -15 

Taking n = 8 and t ime averaging, t h e  fo l lowing  ex- 

p r e s s i o n  i s  ob ta ined  from equat ion  I11 - 13 

and combining equat ions  I11 - 16 and I11 - 15,  

Equat ion I11 - 17 shows t h e  e f f e c t  of v e l o c i t y  f l u c -  

t u a t i o n s  on t h e  mean power loss. 

2.  Heterogenous t u r b u l e n t  f l o w  

The average power-veloci ty  r e l a t i o n s h i p  f o r  he t e ro -  

genous t u r b u l e n t  f low is  g iven  by equa t ion  I11 - 14. 

- 
P = A ( c )  + B(c)V' I11 - 14 

I f  t h e  composition of t h e  f l u i d  p a s t  t h e  ho t  w i r e  i s  

v a r i a b l e ,  t h e  q u a n t i t i e s  A and B i n  t h e  above equat ion  

w i l l  no l o n g e r  be cons t an t .  The power i n p u t  to t h e  h o t  

w i r e  depends upon c o n c e n t r a t i o n  as  w e l l  as v e l o c i t y  p a s t  

t h e  senso r .  The r e l a t i o n s h i p  between A and B and mean 

c o n c e n t r a t i o n  i s  g iven  below. 



... dn 2 d2A 7 2  + 

dc dc2 2! 
A = A ( C  . t  c’) = A(F) -1- - + - -  

since the quantity 2 is zero, 

1 
The expression BVz can be expanded in a series. 

Thus, 

1 2’ 
dc dc2 2! 2 c  

BV+ = [B(E) + - dB c’ + - -  d2B c’2 + ...] (E+)(, + - 

111-19a 

After term by term multiplication and averaging, 

the above expression becomes: 

- 
+ ..mi 

1 c‘u‘ 1 c’u‘2 d2B -A ~- L c ’ 2 + - -  - - -  
dc 2 2 u  8 E2 

+ -  

The mean power velocity relationship is found by 

substituting equation 111-18 and 111-20 into equation 

111-17. 

+ o . .  P = A ( E )  + - - - d2A F2 
dc2 2 



-- - 
-1 1 c ' u '  1 c ' u ' 2  1 c ' v ' 2  

+ - u z  ; - ?  - - - + - -  + ... , 
dc  -2 u 8 52 4 v 2  

2 

I - ... d 2 B  -1 
dc 

c a  + - -  1 C ' U '  _ - -  1 C T  + 

2 v  8 5 2  u2 L i + -  111-20 

I 

Equat ion 111-20 shows t h a t  t he  mean power loss  may be 

I 
I g r e a t l y  a f f e c t e d  by d e n s i t y  and v e l o c i t y  f l u c t u a t i o n s .  The 

I v e l o c i t y  c o r r e c t i o n  g iven  by t h i s  equat ion  may be very  i m -  

p o r t a n t  i n  h i g h l y  t u r b u l e n t  f lows .  It should  also be no ted  

I t h a t  it reduces to equat ion  111-17 i f  t h e  c o n c e n t r a t i o n  f l u c -  

t u a t i o n  i s  absen t .  

I D. R e l a t i o n s h i p s  f o r  Ve loc i ty  and Densi ty  F l u c t u a t i o n s .  
~ 

The r e a l  u t i l i t y  of h o t  w i re  anemometers i s  i n  t h e  mea- 

surement of t u r b u l e n t  p r o p e r t i e s  such as t u r b u l e n c e  i n t e n s i t y  

and t u r b u l e n t  s h e a r  s t r e s . s .  A s  i n  v e l o c i t y  measurement, sep-  

arate expres s ions  f o r  homogenous and heterogenous f low a r e  

o b t a i n e d  

I 1. Homogenous flow. 

I n  t h e  p reced ing  d i scuss ion ,  t h e  fo l lowing  expres-  

s i o n  w a s  ob ta ined ;  

+.,, 111-12 nu8  , n ( n - 1 ) ( u 8 ) 2  n ( v ' ) 2  vn = 5" 11 + = - + - - _  
U 2 (t 1 2cu 1 J 

15 



This  expres s ion  may t h e n  be s u b s t i t u t e d  i n t o  equa- 

t i o n  111-1 t o  g i v e  t h e  in s t an taneous  power s u p p l i e d  t o  

the  s e n s o r  

v ’ 2  +.*. I 1 11 -21  J + - -  p + p ‘  = A + B U 2 j l + - = - - -  -1 1 u’ 1 u’2 
2 u 4 5 2  2 52 

The average power l e v e l  i s  g iven  by equat ion  111- 

1’). S u b t r a c t i n g  equa t ion  111-17 f-rom equa t ion  111-21, 

S ince  t h e  average v a l u e s  of p’  and u ’  are zero ,  t h e  

r o o t  mean squa re  (rms) va lues  are normally used as a mea- 

sure of t u rbu lence .  Def in ing  (u ’  2)’ as t h e  r o o t  mean 

square va lue  of u ‘  and (p’;-)’ as t h e  r o o t  mean square 

v a l u e  of p’,  equa t ion  111-22 becomes 

- 

Assuming t h a t  

equa t ion  111-23 may be l i n e a r i z e d  t o  g i v e  

16 
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or 

111-24 
BUz U 

The q u a n t i t y  on t h e  r i g h t  hand s i d e  of t h i s  equat ion  

i s  known as t h e  tu rbu lence  i n t e n s i t y .  Thus, t h e  t u r -  

bu lence  i n t e n s i t y  i n  t h e  mean flow d i r e c t i o n  may be eas- 

i l y  c a l c u l a t e d  from t h i s  r e l a t i o n s h i p .  

2. Heterogenous flow. 

The power l o s s  of t h e  senso r  i s  a f f e c t e d  by changes 

i n  bo th  v e l o c i t y  and concen t r a t ion .  In s t reams where 

t h e  f l u i d  medium i s  no t  homogeneous, t h e  power loss 

f l u c t u a t i o n s  a r e  a f u n c t i o n  of  t h e  d e n s i t y  and v e l o c i t y  

f l u c t u a t i o n s  and t h e i r  c r o s s  product .  Let us denote  

P, E ,  
r e s p e c t i v e l y ,  and  p ' ,  c ' ,  u '  and v '  as t h e  f l u c t u a t i o n s  

i n  power, d e n s i t y ,  and axial  and t r a n s v e r s e  v e l o c i t i e s .  

Then t h e  in s t an taneous  power loss i s  g iven  by 

as t h e  mean power loss, d e n s i t y  and v e l o c i t y ,  

L 
p = + p' = A ( E  + c ' )  + B ( E  + c ' )  + u ' ) ~  + v J 2 j 2  

By expansion i n  a Taylor  s e r i e s ,  

+... 1 d2A c t 2  + -  - dA c '  
dc 2! dc2 

- 
P + p '  = A  ( C )  + -  

I 
i 

dB c '  
dc  J L J  + LB ( c )  + - 
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1 u '  1 u ' 2  1 v ' 2  p+-=  ---+-,- +... _I 1 
2 u 8 U 2  4 u 2  

111-25 

S u b t r a c t i n g  equat ion  111-20 from equat ion  111-25 

g i v e s  

dB c t  p ?  = dA c '  + - + - -  
dc dc 

Assuming t h a t  terms of o r d e r  greater than  one are 

n e g l i g i b l e ,  equa t ion  111-26 reduces to 

p' z -  & C ' + U  4 1 2  dB c '  + - u t  111-27 
25' I 2  dc dc 

Equation 111-27 is  merely an approximation of equa- 

t i o n  111-26. It i s  v a l i d  only  when t h e  f l u c t u a t i n g  

q u a n t i t i e s  c '  and u '  are small, The above r e l a t i o n  

when used  f o r  flows where the t u r b u l e n t  i n t e n s i t y  

u s u a l l y  exceeds 1% w i l l  g i v e  an apprec i ab le  e r r o r ,  

Equation 111-27 can a l s o  be d e r i v e d  u s i n g  t h e  t o o l s  

of t o t a l  d e r i v a t i v e s .  The exac t  d i f f e r e n t i a l  dF' i s  re- 

la ted t o  c o n c e n t r a t i o n  and v e l o c i t y  by 



For small  changes i n  c and V, U = V, dP N, p' ,  

dc FJ c ' ,  and du M u '  s o  t h a t ,  

111-28 

Where 2 and 2 are ob ta ined  from King's equa t ion  
3C 3C 

(111-1) 

B - d B  p' = (3 + Ui- - )  c '  + -7 u '  
dc dc 2u2 

111-28a 

which i s  t h e  same as equat ion  111-26. 

The average va lue  of p' i s  zero and, normally,  t h e  

r o o t  mean square  (RMS) i s  used as  a measure of the i n -  

t e n s i t y  of f l u c t u a t i o n s .  ( P ' ~ ) ' ,  C C ' ~ ) " ,  (u '  2 ) T  are t h e  

r o o t  mean squares of power f l u c t u a t i o n s ,  concent ra t  i o n  

f l u c t u a t i o n s  and v e l o c i t y  f l u c t u a t i o n s ,  r e s p e c t i v e l y .  

- 1 - 1  - 1  

Squar ing  equa t ion  111-27 and averaging  x i t h  t i m e ,  

t h e  fo l lowing  exp ie s s ion  i s  obta ined:  

Equat ion 111-29 shows t h e  r e l a t i o n s h i p  between t h e  

squa re  of RMS of power, concen t r a t ion ,  v e l o c i t y  f l u c -  

t u a t i o n s  and t h e  c r o s s  product  c 'u ' .  

mean squa re  of t h e  power f l u c t u a t i o n s  can be measured 

d i r e c t l y  s o  t h a t  ano the r  two c o r r e l a t i o n s  are needed 

to e v a l u a t e  t h e  t h r e e  terms. 

Only t h e  root 
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These equat ions  may be pro.v.ided by apply ing  equa- 

t i o n  111-29 to ano the r  s e n s o r  of d i f f e r e n t  geomet r i ca l  

or p h y s i c a l  c h a r a c t e r i s t i c s  as t h e  f i r s t  one and by ap- 

p l y i n g  equat ion  111-29 t o  t h e  sum and d i f f e r e n c e  of t h e  

power l o s s  i n  t h e  two wi re s .  

Thus, f o u r  d i f f e r e n t  se ts  of equa t ions  may be ob- 

tained from t;;e use  of two h o t - f i l m  senso r s .  A f f i x i n g  

t h e  s u b s c r i p t  f o r  t h e  f i r s t  f i l m  and f o r  t h e  

o t h e r  f i l m ,  t h e  equa t ion  can be w r i t t e n  as, 

f o r  t h e  f i r s t  s enso r ,  

f o r  t h e  second senso r ,  

111-30 

111-31 

f o r  the sum of power l o s s  i n  t h e  two wires 

2 a ~ ,  + ap2 - apt + 3p2 - 
(- -) Cfu'  + (- -) u I 2  111-32 

av 3V av av 



f o r  t h e  d i f f e r e n c e  of t h e  two powers 

;3p1 - ap2 - ap1 - ap, 2 - 
av av av av (--- -) c’u‘  + (- -) u’2 111-33 

Any t h r e e  of t h e  above f o u r  equat ions  a r e  i n  theo ry  

independent and may be used  f o r  c a l c u l a t i n g  t h e  t h r e e  

q u a n t i t i e s  c ‘ ~ ,  c’u’,  and u’2. However, when t h e  f i r s t  

t w o  equa t ions  (111-30,-31) and e i t h e r  one of equa t ions  

- -  - 

111-32 and -33 were a p p l i e d  i n  s o l v i n g  f o r  t h e  t h r e e  un- 

knowns, it w a s  found t h a t  a s l i g h t  change i n  any of t h e  - -  
measured v a l u e s  

r e s u l t e d  i n  large changes i n  c ’ ~  and u’~. It w a s  also 

P ; ~ ,  pi2,  (p’ + P ; ) ~ ,  o r  (p; - p i ) ; ?  - 1 - 

found t h a t  t h i s  occu r red  fox  changes i n  t h e  measured 

v a l u e s  s m a l l  enough t o  be beyond t h e  s e n s i t i v i t y  of t h e  

measuring appa ra tus ,  

The f i r s t  o b s e r v a t i o n  comes from t h e  f a c t  t h a t  a t  

h igh  v e l o c i t i e s ,  

( t o  be shown i n  a l a t e r  s e c t i o n ) ,  i .e. ,  i f  t h e  t h r e e  

equa t ions  a r e  w r i t t e n  i n  t h e  form, 
- - - 

a l  c ’ ~  + b, c’ u ‘  + c1 u ‘ ~  = P1 
- - 

a 2  c ’ ~  + b2 c’  u‘  + c 2  u ‘ ~  = P 2  

- - - 
a3 c r 2  + b3 c’ u‘ + c3 u ‘ ~  = P 3  
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t h e n  it w i l l  be found t h a t  

111-34 

111-3 5 

so  t h a t  t h e  de te rminant  

i s  a ve ry  small q u a n t i t y .  Hence, s l i g h t  changes i n  

e i t h e r  of P1, P2, and P3 produce large e f f e c t s  i n  t h e  

c a l c u l a t e d  v a l u e s .  

I n  view of t h e  i n a b i l i t y  t o  o b t a i n  a v a l i d  s o l u t i o n  

from any t h r e e  of t h e  f o u r  equa t ions ,  a d i f f e r e n t  ex- 

p r e s s i o n  f o r  t h e  e v a l u a t i o n  of c ' ~  i s  o b t a i n e d  from 

t h e  power loss  c o n c e n t r a t i o n  r e l a t i o n s h i p  of t h e  as- 

pirator probe.  

t i o n  111-10 r e s u l t s  i n  

_. 

S u b t r a c t i n g  equa t ion  111-11 from equa- 

d 3P 
dc 
- ( c ' 3  - 73) +... 111-36 



s q u a r i n g  and t i m e  averaging  t h e  above equa t ion ,  

2 dp d3p c'4 +,,, 
dc dc3 

111-37 

and i f  it can be assumed t h a t  t he  h i g h e r  o r d e r  terms 

are n e g l i g i b l e ,  equa t ion  111-37 reduces to 

111-38 

Equat ion 111-38, t o g e t h e r  with equat ion  111-30 
- -  

and 111-31, may be used  f o r  o b t a i n i n g  c ' ~ ,  u ' ~ ,  and 
- 
c 'u ' .  

r esu l t s  which e x h i b i t e d  a l a c k  of  dependence of 

and c';?, i .e. ,  u ' 2  i s  no t  g r e a t l y  a f f e c t e d  by what- 

e v e r  va lues  are found i n  equat ion 111-38. This obser-  

v a t i o n  w i l l  be shown to be mathematical ly  c o r r e c t .  

It w a s  found, however, t h a t  t h e s e  equa t ions  g i v e  - 
u '2  

- 

Equation 111-30 and 111-31 may be w r i t t e n  i n  t h e  

form 

- - 
a l  c '2  + b, c'u' + c1  u ' ~  = P1 111-39 

- - - 
a 2  c r 2  + b, C ' U '  + c 2  u ' 2  = p2 111-40 

By a rearrangement and d i v i s i o n  equat ions  111-39 and 

111- 40 be come 



- - - 
111-41 - P, - c1 u’2  a l  c ’2  + bl C ’ U ‘  - 

a 2  c ’ 2  + bz c ’ u ‘  P2 - c z  u ’2  
- - - 

I n  o r d e r  f o r  t h e  t u r b u l e n t  v e l o c i t y  t e r m  u ’ ~  t o  be 

independent of c ’ ~ ,  t h e  l e f t  hand s i d e  of t h e  equa t ion  

should have a cons t an t  va lue ,  whatever may be t h e  v a l u e  of 

- 

c ‘ ~ .  This  can be shown t o  be t r u e  i f  

That t h i s  e q u a l i t y  i s  almost s a t i s f i e d  a t  reg ion  of h igh  

v e l o c i t y  w i l l  be  shown i n  t h e  fo l lowing  paragraph ,  

From previous  d i s c u s s i o n ,  t h e  fo l lowing  may be ob- 

t a i n e d .  

1 2  
a, = dA1 + - V 2 )  G- dc 

dA1 dB, Bl 
bl = (- + -1  - 

dc dc v+ 

111-42 

111-4-3 

111-44 

111-45 
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From equat ions  111-43 and 111-42, 

Div id ing  equat ion  111-44 by equat ion 111-45 

111-46 

111-47 

111-48 

A t  moderately h igh  v e l o c i t i e s ,  where 

- - 
which proves t h a t  c '2 is almost independent of u ' ~ .  

Though it can be said t h a t  s ince  t h e  fo l lowing  equat ion  

a l so  ho lds  

111-49 

'- 

, t h e n  c ' u '  a1 c1 and t h a t  a t  h igh  v e l o c i f i e s  - - 
a2 c 2  
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should a l s o  be  cons t an t .  This  i s  t rue .  However, t h e  t e r m  

c 'u '  w i l l  no t  be as c l o s e  to i t s  o r i g i n a l  va lue  as u ' 2  
- - 

s ince  t h e  r a t i o  2 i s  c l o s e r  t o  - b1 t h a n  it i s  t o  -. C1 

a2 b2 c2 

A s  a f i n a l  word, equa t ions  111-42, 111-43, and III- 

45 also show t h a t  equat ions  111-39 and 111-40 are not inde- 

pendent of each o t h e r  a t  very  h igh  v e l o c i t i e s ,  because at 

t h i s  p o i n t  

- - - 
al  c ' ~  + b, c ' u '  + c l  u ' ~  = P I  = 

1 - - - - 
La2 c ' ~  + b2 c ' u '  + c 2  u ' ~ ]  

k z 2  

It w i l l  be d i scussed  i n  Chapter  VI t h a t  t h e  f l u c t u a -  

t i o n s  i n  d e n s i t y ,  as g iven  by equat ion  111-38, do no t  repre-  

sent  t h e  t rue  f l u c t u a t i o n s  i n  t h e  f low f i e l d  because of a 

damping effect i n  t h e  a s p i r a t o r  probe,  The r e s u l t s  of apply- 

i n g  equat ions  111-38, 111-31 and 111-30 i n  t h e  c a l c u l a t i o n s  

forms the basis of d i s c u s s i o n  i n  Chapter VI and w i l l  n o t  be 

f u r t h e r  d i s c u s s e d  i n  t h i s  s e c t i o n .  



IV EXPERIMENTAL DISCUSSION 

Figure  IV.l shows t h e  experimental  s e t u p  used  i n  ob- 

t a i n i n g  data. E s s e n t i a l l y ,  it c o n s i s t s  of a 4 f o o t  long, 3 / 4  

i nch  d i ame te r  s t a i n l e s s  s tee l  t u b e  mounted c o a x i a l l y  i n  a 6 

foot v e r t i c a l  p l e x i g l a s s  duc t  of square c r o s s  s e c t i o n .  A cen- 

t r i f u g a l  blower wi th  i t s  i n l e t  connected to t h e  bottom of t h e  

duc t  p u l l s  t h e  o u t e r  s t ream a i r  through t h e  duc t  and metered, 

c o n s t a n t  t empera tu re  Freon-12 i s  p r e s s u r e  f e d  through t h e  3 / 4  

i nch  s t ee l  t u b e  as t h e  i n n e r  jet, Hot w i r e  anemometers are 

mounked on a t r a v e r s i n g  mechanism geared to t h e  duc t  to t r a v e r s e  

t h e  f i e l d  r a d i a l l y  and a x i a l l y ,  and t h e i r  power ou tpu t s  are con- 

t r o l l e d  by two independent channels  and recorded  on a d i g i t a l  

vo l tme te r .  The moni tor ing  equipment inc luded  a d i g i t a l  v o l t -  

meter, r m s  vo l tme te r ,  a sum and d i f f e r e n c e  u n i t  t h a t  cou ld  add 

o r  s u b t r a c t  t h e  o u t p u t s  from t h e  t w o  independent channels  and 

a d u a l  beam o s c i l l o s c o p e ,  

Most of t h e  senso r s  u sed  i n  t h e  experiment are of t h e  

hot f i l m  type .  For t h e  experiment,  two s e n s o r  probes were used. 

They were a p a r a l l e l  wire probe and an a s p i r a t o r  probe. 

para l le l  w i r e  probe, two senso r s ,  .01 i nch  apart, are mounted 

paral le l  to each o t h e r  on a s i n g l e  probe,  The wi re s  were 

o r i e n t e d  i n  a p l a n e  pe rpend icu la r  to t h e  p l ane  of t h e  t r a v e r s -  

i n g  mechanism and were connected t o  t h e  probe ho lde r  by a 

n i n e t y  degree  ang le  a d a p t e r ,  The a s p i r a t o r  probe i s  a con- 

I n  t h e  

c e n t r a t i o n  measuring device  and c o n s i s t s  of a 1 m i l  s e n s o r  

mounted i n s i d e  a 0.08 inch  I D  tube .  The tube  i s  connected to 
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an ang le  a d a p t e r  and then  t o  t h e  probe ho lde r .  The t u b e  con- 

t a i n s  a jewel  bea r ing  wi th  a ho le  diameter  of 0,008 - + .001 

i nch  behind t h e  f i l m .  A vacuum pump sucks through t h e  probe 

h o l d e r  and s u f f i c i e n t l y  reduces t h e  p r e s s u r e  downstream from 

t h e  b e a r i n g  t o  i n s u r e  s o n i c  v e l o c i t y  a t  t h e  t h r o a t  of t h e  

b e a r i n g ,  This  son ic  v e l o c i t y  depends on t h e  molecular  weight 

of t h e  gas and, t h e r e f o r e ,  on t h e  composition, The power dis- 

s i p a t e d  a t  t h e  f i l m  depends on t h e  composition and v e l o c i t y  

of t h e  ga.s p a s s i n g  through.  The v e l o c i t y  p a s t  t h e  f i l m  i s  re -  

la ted t o  t h e  s o n i c  v e l o c i t y  by t h e  equat ion  of  c o n t i n u i t y ,  and 

s i n c e  t h i s  depends on concen t r a t ion ,  t h e  power d i s s i p a t e d  from 

t h e  f i l m  i s  related d i r e c t l y  t o  concen t r a t ion ,  The dev ice  

withdraws only a small sample from t h e  stream and provides  

in s t an taneous  readings  a t  t h e  p o i n t  of i n t e r e s t .  

Before making any measurements, t h e  s e n s o r s  are C a l i -  

brated by p a s s i n g  a s t ream of gas  of known v e l o c i t y  and  concen- 

t r a t i o n  through them. Power l o s s  readings a t  d i f f e r e n t  velo-  

c i t i e s  and concen t r a t ions  a r e  taken.  A graph of m i l l i v o l t s  

r e g i s t e r e d  ve r sus  gas v e l o c i t y  and d e n s i t y  i s  drawn and i s -  

shown i n  F igures  IV-2 and IV-3, r e s p e c t i v e l y .  (See Zawacki 3 ). 

Experimental  procedure : 

A set of data f o r  a p a r t i c u l a r  i n n e r  s t ream t o  o u t e r  

stream v e l o c i t y  r a t i o  inc luded  fou r  runs : (1) a run wi th  t h e  

a s p i r a t o r  probe t o  determine dens i ty  p r o f i l e s ;  ( 2 )  a second 

run wi th  t h e  s i g n a l  from t h e  a s p i r a t o r  probe connected to t h e  

r m s  v o l t m e t e r  to g i v e  f l u c t u a t i n g  d e n s i t y  measurements; 

1 
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( 3 )  t h e  t h i r d  run i s  made wi th  a p a r a l l e l  wi re  probe to deter- 

mine average v e l o c i t y  p r o f i l e s ;  (4) f o r  t h e  f o u r t h  run ,  t h e  

outputs  from t h e  sensors  of t h e  p a r a l l e l  wi re  are t r a n s m i t t e d  

t o  t h e  rms vol tmeter  and t h e  f l u c t u a t i n g  vo l t age  recorded. 

A more d e t a i l e d  t rea tment  of t h e  experimental  work 
25 i s  given by D'Souza , 
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V CALCULATION PROCEDURE 

- 
From t h e  data c o l l e c t e d ,  t h e  v e l o c i t y  U, d e n s i t y  r ) ,  

- - 
and f l u c t u a t i n g  q u a n t i t i e s  F2, p'u', and u ' ~  are determined. 

The d e n s i t y  P i s  used because it i s  more convenient  t o  expres s  

c o n c e n t r a t i o n  i n  terms of d e n s i t y .  

The fo l lowing  c a l i b r a t i o n  curves are r e q u i r e d  f o r  pro- 

c e s s i n g  t h e  exper imenta l  data:  

a. C a l i b r a t i o n  curve f o r  t h e  a s p i r a t o r  probe, which g i v e s  

t h e  r e l a t i o n  between power i n p u t  and d e n s i t y ,  from h e r e  on 

w i l l  be c a l l e d  d e n s i t y  c a l i b r a t i o n  curve .  

b. Power ve r sus  square r o o t  of  v e l o c i t y  graphs for v a r i o u s  

f r e o n  a i r  - gas mixtures ,  f o r  both s e n s o r s  on t h e  p a r a l l e l  

w i r e  probe, from h e r e  on w i l l  be c a l l e d  v e l o c i t y  c a l i b r a t i o n  

curve .  

c. Subsequent "A" - v e r s u s  - d e n s i t y  and "B" - v e r s u s  - 
d e n s i t y  curves  as shown i n  F igu re  V-1, which are c a l l e d  t h e  

A - c a l i b r a t i o n  curve  and B - c a l i b r a t i o n  curve,  r e s p e c t i v e l y .  

The power i r .put  t o  t h e  a s p i r a t o r  probe i s  d i r e c t l y  con- 

v e r t e d  t o  d e n s i t y  from t h e  d e n s i t y  c a l i b r a t i o n  curve.  The power 

loss c o r r e c t i o n  f o r  f l u c t u a t i n g  d e n s i t i e s  as g iven  by equat ion  

111-11 was not  app l i ed .  However, t h i s  c o r r e c t i o n  w a s  found t o  

be small as w i l l  be  mentioned i n  a l a t e r  s e c t i o n ,  Th i s  cor -  

r e c t i o n  equa t ion  i s  g iven  below i n  terms of d e n s i t y  G .  

v- 1 
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Where 

I&(;) 

d e n s i t y  i n  t h e  d e n s i t y  c a l i b r a t i o n  curve. 

Pd r e f e r s  to t h e  measured mean power l o s s  i n  run 1, 
r e f e r s  t o  t h e  power loss corresponding to t h e  a c t u a l  mean 

It i s  s u f f i c i e n t  to u s e  only t h e  f i r s t  t e r m  i n  t h e  cor-  

r e c t i o n ,  because t h e  o t h e r  t e r m s  were found to be very  sma l l  com- 

pa red  to t h e  f i r s t  one. 
- The square  of t h e  r m s  of d e n s i t y  f l u c t u a t i o n  c ! ’ ~  i s  

found from equat ion  111-37 which, i n  view of t h e  c o n t e n t s  of t h e  

p reced ing  paragraph,  s i m p l i f i e s  to 

and by a rearrangement 

v- 2 

Where sy2 i s  t h e  squa re  of t h e  rms of f l u c t u a t i o n s  i n  d e n s i t y  

o b t a i n e d  i n  run 2 and - dPd i s  t h e  s l o p e  of t h e  d e n s i t y  c a l i -  
dP 

b r a t i o n  curve .  

I n  o r d e r  to determine t h e  v e l o c i t y  a t  a p o i n t  i n  t h e  

f low f i e l d ,  t h e  d e n s i t y  at t h a t  po in t  i s  requi red .  From t h e  

A and B c a l i b r a t i o n  curves  t h e  va lues  of A and B a r e  read, 

With t h e  average power s u p p l i e d  t o  t h e  

p o i n t  and t h e  s i m p l i f i e d  form of equat ion 111-1 as given  below, 

t h e  v e l o c i t y  i s  c a l c u l a t e d .  

2 m i l  s e n s o r  a t  t h a t  

1 
P = A + BVz v-3 



The c o r r e c t i o n  f o r  v e l o c i t y  g iven  i n  equat ion  111-20 

is  n o t  used, and it should  be expec ted  t h a t  e r r o r s  e x i s t  i n  t h e  

c a l c u l a t e d  va lues  where f l u c t u a t i o n s  a r e  q u i t e  l a r g e .  The d i f -  

f e r ence  between c a l c u l a t e d  mean v e l o c i t y  and t h e  a c t u a l  mean 

a x i a l  v e l o c i t y  

given below: 

(u) can be d e r i v e d  from equa t ion  111-20 and i s  

- - 
1 V I 2  + U c a l c u l a t e d  = I1 - - - - + - -  - 1 u '2  

4 u2 2 u2 

1 d 2 A  d2B - k - + -) P I 2  +...I 1 
B U2 d p 2  d p 2  
- v- 4 

Turbulent  i n t e n s i t i e s  as l a r g e  as 2% can be shown t o  

g i v e  an e r r o r  of about 1%. For i n s t a n c e ,  i n  t h e  above c a s e ,  t h e  

terms 

can be assumed t o  be bo th  equal  t o  0.04. Since  t h e  r e s t  of t h e  

tu rbu lence  terms c o n t a i n i n g  d e n s i t y  are  negligible compared to 

t h e  v e l o c i t y  f l u c t u a t i o n s ,  t hen  

+ .ol, ~ = 1.01 u U c a l c u l a t e d  = U 11 - - I 
m 04 - 
4 2 -  

v- 5 

Equation V-4 shows t h a t  v e l o c i t y  c o r r e c t i o n s  are n e g l i g i b l e  f o r  

tu rbulence  i n t e n s i t i e s  as h igh  as 2@. 



- - 
The o t h e r  two f l u c t u a t i n g  q u a n t i t i e s ,  p'u and u '2 ,  

are found from equa t ions  111-30 and 111-31. Rewri t ing  them i n  

terms of d e n s i t y :  

- - 
2 r 2  

p1 a n d  P;Z are ob ta ined  when t h e  r m s  s i g n a l s  from 

t h e  t w o  m i l  f i l m  and t h e  0.15 m i l  wire a r e  squared.. 

To c a l c u l a t e  

t h e  q u a n t i t i e s  

dB and - - 
d p  d p  

are f i r s t  eva lua ted ,  This  i s  done by fo rmula t ing  a twenty de- 

gree polynomial for t h e  A and B c a l i b r a t i o n  curves ,  and  

are c a l c u l a t e d  by t a k i n g  t h e  termwise d e r i v a t i v e  of t h e  poly- 

nomial,  Only t h e  polynomial express ion  f o r  one wi re  i s  needed 

s i n c e  A1 and Bl  a r e  l i n e a r l y  r e l a t e d  to A, and B,, r e spec t ive ly .  

Equat ions V-5 and  V-6 are so lved  s imultaneously,  and 

then  
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- 
P 

I - 
U 

I and 
- 
O'U'  , ~- 

- 1  - 1  
( p ' 2 ) 2  (u '2)3-  

are subsequent ly  ob ta ined ,  

D'Souza's t h e s i s 2 5  and i s  r e p r i n t e d  i n  t h e  fo l lowing  pages, 

A sample c a l c u l a t i o n  i s  g iven  i n  
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Comput e r  Programming 

A program f o r  t h e  c a l c u l a t i o n s  w a s  w r i t t e n  i n  F o r t r a n  I V  

language a d  was run i n  a 360 computer system. 

t h e  program c o n s i s t  o f :  

The i n p u t s  t o  

(1) Axial and radial  p o s i t i o n s  a t  which data are  t aken ,  

( 2 )  Manually computed va lues  of d e n s i t y  and v e l o c i t y  at 

t h e s e  p o i n t s .  

rms va lues  of t h e  power loss i n  t h e  a s p i r a t o r  probe. 

(data from run 2 )  

r m s  va lues  of t h e  power l o s s  i n  each of t h e  two sen- 

s o r s  of t h e  pa ra l l e l  w i r e  probe. 

( 3 )  

( 4 )  

(data from run 4 )  

( 5 )  C o e f f i c i e n t s  of  t h e  polynomial expansion of t h e  A 

and B c a l i b r a t i o n  curves.  These c o e f f i c i e n t s  were 

ob ta ined  from t h e  output  of a SINPAK subrou t ine  pro- 

gram t h a t  i s  a v a i l a b l e  i n  t h e  b u i l t - i n  l i b r a r y  of 

most computers,  

Four p o i n t s  from t h e  d e n s i t y  c a l i b r a t i o n  curve  t aken  

at equa l  i n t e r v a l s .  These p o i n t s  are to be used  i n  

a f o u r  t e r m  polynomial approximation of t h e  d e n s i t y  

c a l i b r a t i o n  curve,  formulated as shown below. 

(6) 

If t h e  f o u r  p o i n t s  a r e  ( P I ,  71 1, ( p z ,  P21 ,  (P3, P 3 ) ,  

and (P4, p 4 ) ,  r e s p e c t i v e l y ,  t hen  

v-9 
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c, = P ,  

c3 = ( P 4 - 3 x P 3 + 3 x P ; a - P , ) x -  3 3  
6 

\ 
Read f o u r  p o i n t s  of 
d e n s i t y  c a l i b r a t i o n  curve  

p1,  P l ,  p2 ,  P3r p4, p 4  

- 

c, = P 4  - c, - c2 - c3 

c o e f f i c i e n t s  of t h e  A- 
and B- c a l i b r a t i o n  curve  
polynomial expansion 

A flow c h a r t  of t h e  program i s  shown below: 

from t 

S t e p  16 

Read a s e t  of data:  z, r ,  
- 1  - 1  - -  u t  P, (P;")", (p;')", 

C a l c u l a t e  Do, D , ,  D 2 ,  D 3  

and D4 from equa t ion  V - 1 0  

S t e p  1 

S t e p  2 

Step 3 

S t e p  4 



I 

I dp 

C a l c u l a t e  - , - dB, and 

3P 
d p  d p  

- .  

C a l c u l a t e  c o e f f i c i e n t s  of 

Equation V-6 and V-7 

P r i n t  c o e f f i c i e n t s  of 

Step 5 

Step 6 

S t e p  8 
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- -  
Calculate u‘2, p’u’ 
from Equations V-6 
and V-7 

I I i 

Step  10 
+ J 

Step 12 

Change - sign 

of U t 2  

- 
o‘u’ 

S tep  
11 

Step  13 

Step  15 
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S t e p  16 

Tho 
End 

Expl.a,itition of computer f low c h a r t  

S t e p  1 - S t o r e s  values  of the o r d i n a t e s ,  F 1 ,  P2, P3, P 4  

of t h e  f x r  p o i n t s  t ake2  froz-  dcnsi ty  c a l i b r a t i o n  

curve  and t h e  a b s c i s s a  of t h e  f i r s t  and last  p o i n t ,  

p1 and p2, r e s p e c t i v e l y .  The a b s c i s s a  of t h e  second 

and t h i r d  po in t  need n3t  be s t o r e d .  

Step 2 - Se l f  explana tory  

S t e p  3 - Se l f  explana tory  

S t e p  4 - Each set  of d a t a  c o n s i s t s  02 t h e  a x i a l  p o s i t i o n  
- 

z, r a d i a l  p o s i t i o n  r, v z l o c i t y  U, der i s i ty  7 ,  r m s  of 

power loss i n  f i r s t  wire  ( ~ ' 2 ) ~ ,  r m s  of power l o s s  

i n  second wire ( ~ ' 2 ) "  and r m s  of power l o s s  i n  as- 

p i r a t o r  probe @;2)T. These d a t a  a r e  taken f r o m  a 

s i n g l e  p o i n t  i n  t h e  flow f i e l d .  

L - 
1 - 1  

2 -1 

S t e p  5 - I n  t h i s  s t e p ,  t h e  computer t a k e s  t h e  square  

r o o t  of c, ,  squares  t h e  t h r e e  r m s  i n p u t s ,  c a l c u l a t e  
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- 
- 
dP 
from equat ion  V-2 and t h e  term y from equa t ion  

from equat ions  V-8  and 9 and c a l c u l a t e  P ' ~  

v-9. 

S tep  6 - Se l f  explana tory .  

S tep  7 - The d e r i v a t i v e  wi th  r e spec t  t o  d e n s i t y  of A and B 

i s  found by a t e r m w i s e  d i f f e r e n t i a t i o n  of i t s  poly- 

nomial express ion .  The d e r i v a t i v e  of power wi th  

respect t o  d e n s i t y  i s  subsequent ly  ob ta ined  from 

t h e  equat ion  g iven  below 

Step  8 - The c o e f f i c i e n t s  of equat ions  V-6 and V-7 are 

e a s i l y  found from t h e  previous  c a l c u l a t i o n s .  

S tep  9 - Sel f  explana tory  

- - 
Step 10 - u ' ~  and p'u' are c a l c u l a t e d  by d i r e c t  s u b s t i t u t i o n  

m e t  hod, 

S tep  11 - The s i g n  of uT2 i s  changed to p o s i t i v e  because t h e  

computer w i l l  g i v e  an e r r o r  message i f  t h e  squa re  

root  of a nega t ive  number i s  taken.  

S t ep  12 - Se l f  explana tory  

S tep  13 - Se l f  explana tory  

S tep  14 - 
- 

The va lues  of u'2 and p'u' are c a l c u l a t e d  for d i f -  

f r e n t  va lues  of p ' 2 .  The computer s t a r t s  wi th  t h e  
- 



va lue  obta ined  from equat ion V-2 and then  subse- 

quen t ly  assumes va lues  of 0.1, 0.2 and up t o  1.0 

for P ' ~ .  The reason f o r  doing t h i s  i s  expla ined  

i n  Chapter V I ,  

_. 

I Step 15 - S e l f  explanatory 

Step 16 - Self explana tory  
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V I  RESULTS AND DISCUSSION 

This  c h a p t e r  deals wi th  t h e  p r e s e n t a t i o n  of r e s u l t s  

which were ob ta ined  from t h e  data and c a l c u l a t i o n s  as d e s c r i b e d  

i n  t h e  prev ious  c h a p t e r s .  

c i t y  and d e n s i t y  f l u c t u a t i o n s  obta ined ,  as w e l l  as an explana- 

t i o n  of observed p e c u l i a r i t i e s  i n  t h e  behavior  of d e n s i t y  and 

An a n a l y s i s  of t h e  va lues  of velo-  

v e l o c i t y  p r o f i l e s  are inc luded  i n  t h e  d i s c u s s i o n .  

A. Densi ty  and Ve loc i ty  F l u c t u a t i o n s  

From t h e  r e s u l t s  of t h e  c a l c u l a t i o n s ,  it was observed 

t h a t  

(1) I n  r eg ions  of l o w  v e l o c i t y ,  t h e  c o r r e l a t i o n s  used  

f o r  o b t a i n i n g  f l u c t u a t i n g  terms g i v e  e r r a t i c  r e s u l t s ,  such 

as a nega t ive  s i g n  f o r  u ' ~ .  A s imple reason f o r  t h i s  oc- 

cu r rence  i s  t h a t  t h e  c o r r e l a t i o n s  are no t  a p p l i c a b l e  at 

low v e l o c i t i e s .  This  exp lana t ion  i s  suppor ted  by t h e  be- 

h a v i o r  of d a t a  p o i n t s  i n  t h e  power-veloci ty  c a l i b r a t i o n  

curves  which shows t h a t  a t  low v e l o c i t i e s ,  t h e  power re-  

q u i r e d  ceases  t o  be a f u n c t i o n  of d e n s i t y  and becomes de- 

pendent on v e l o c i t y  on ly ,  

- 

(See F i g u r e  V I - l )  

( 2 )  I n  r eg ions  of  h igh  v e l o c i t i e s ,  r ea sonab le  va lues  of 

g ' 2  

found to be imposs ib le .  When t h e  d e n s i t y  f l u c t u a t i o n  

(pT2) i s  i n c r e a s e d  by s t e a d y  amounts and then  used  i n  

c a l c u l a t i n g  p x '  and p'2, it w a s  observed t h a t  an i n c r e a s e  

- - 
and uY2 are ob ta ined ,  bu t  t h e  v a l u e s  f o r  p'u' are 
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i n  t h e  d e n s i t y  f l u c t u a t i o n  of 15% b a r e l y  changed t h e  t u r -  

bulence i n t e n s i t y  by 8%. 

t h e  c r o s s  product 

It was also observed t h a t  wh i l e  
- 
p'u' would have a r i d i c u l o u s  va lue  i n i -  

- 
t i a l l y ,  subsequent va lues  o b t a i n e d  by i n c r e a s i n 2  p ' ; ?  be- 

comes d e f i n i t e l y  p o s s i b l e ,  A t y p i c a l  r e s u l t  i s  p r e s e n t e d  

below. 

Radial Table I Run No. 4F Axial p o s i t i o n  2.0" position 0.2" 
---- 

p 'u' ( U ' 2 ) Z  - - No. of 
c a l c u l a t i o n s  p (p'2)f (u72,.' U 

- 

(1 I *  0.23 - 1.01 0.215 

(4 0.5 - 0.74 0.226 

( 5  0.6 - 0.736 0.232 

*based on Equation V-2 

From t h e  above tab le ,  c a l c n l a t i o n  number (1) shows t h a t  

t h e  va lues  of 0.23 and 0.215 f o r  

r e s p e c t i v e l y ,  a r e  very  reasonable .  However, t h e  v a l u e  of 

- 1.01 f o r  



i s  mathemat ica l ly  imposs ib le  as g i v e n  Sy Cauchy's inequal -  

i t y  , 

Suspec t ing  t h a t  F2 as determined from t h e  a s p i r a t o r  
- 

probe data i s  damped, the va lue  of p ' 2  i s  s t e a d i l y  i n c r e a s e d  

and r e s u l t s  are g iven  i n  c a l c u l a t i o n s  2,  3 ,  4 and 5. I n  

terms of pe rcen tages ,  when - 
( p ' 2 ) 6  - 
I 

P 

( 7 2 ) *  
i s  changed from 23% to 6%, - - 

U 

changed from 21.5% t o  23.2%. The c o r r e l a t i o n ,  

- 1  - 1  
( p 2 ) "  (u'2)z 

which has an erroneous va lue  i n i t i a l l y ,  g r a d u a l l y  assumss 

a more f e a s i b l e  va lue ,  Th i s  i s  a d e f i n i t e  i n d i c a t i o n  t h a t  

t h e  d e n s i t y  f l u c t u a t i o n  i s  damped. 

It should  a l s o  be no ted  that t h e r e  ex i s t s  a l i m i t  

wherein t h e  v a l u e  of t h e  d e n s i t y  t u r b u l e n t  i n t e n s i t y  

P 

can n o t  be exceeded. This  comes from t h e  f a c t  t h a t ,  un- 

l i k e  v e l o c i t y ,  t h e  d e n s i t y  i n  t h e  f low f i e l d  can not  be  

lower t h a n  that of a i r ,  

t h a t  of Freon-12, 0.317 l b / f t 3 .  For i n s t a n c e ,  t h e  

0.075 l b / f t 3 ,  nor  h i g h e r  t h a n  

5 1  



d e n s i t y  at t h e  p o i n t  i n  which t h e  q u a n t i t i e s  i n  Table  I 

were c a l c u l a t e d  i s  0,183. Hence, t h e  m a x i m u m  f l u c t u a t i o n  

which i s  t h e  d i f f e r e n c e  of 0.075 from 0.183 i s  .108. This  

f l u c t u a t i o n  corresponds to a m a x i m u m  d e n s i t y  t u r b u l e n c e  i n -  

t e n s i t y  of 0.59. 

Another kehavior  t h a t  i s  worth n o t i n g  i s  t h e  seeming 
- 

l ack  of  dependence of uT2 on p ‘ 2  as can be observed i n  

Table I. The reason  f o r  t h i s  behav io r  has  been exp la ined  

i n  the  c h a p t e r  on “ A n a l y t i c a l  Discussion.”  

R e s u l t s  f o r  t h e  tu rbu lence  i n t e n s i t i e s  a r e  shown i n  

F igures  V1-2, V l - 3 ,  Vl-,!+ and V l - 5 .  The p r o f i l e s  i n  F i g u r e s  

V1-2 and V l - 3  show a m a x i m u m  tu rbu lence  i n t e n s i t y  of about  

70% at 1.0” dawnstream. These m a x i m a  are c l o s e  to t h e  

c e n t e r  l i n e  and a r e  very  d i f f e r e n t  from t h e  v e l o c i t y  and 

d e n s i t y  p r o f i l e s .  At S” and +” downstreail,  t h e  p r o f i l e  

peak a t  about 50% a t  

These peaks a r e  narrow i n i t i a l l y  and t h e n  g r a d u a l l y  widens  

with t h e  peak va lue  f a l l i n g  o f f .  A t  Z ” ,  t h i  m a x i m l x n  i s  

near  3C%. They then  become f l a t t e r ,  s imi la r  looking  pro- 

f i l e s  at 4“, 6” and 10” wi th  t h e  m a x i m a  at 15% to 

8%. The f r e e  s t ream t u r b u l e n c e  i n t e n s i t y  i s  about 3%. 

The tu rbu lence  i n t e n s i t y  f i e l d  cou ld  be d i v i d e d  i n t o  

two main reg ions .  An i n i t i a l  reg ion ,  c h a r a c t e r i z e d  by 

high narrow peaking of t h e  p r o f i l e s  and a “ s i m i l a r i t y “  

region where p r o f i l e s  are a p p a r e n t l y  s imilar .  The i n i t i a l  
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r eg ion  i s  r e s t r i c t e d  to an a x i a l  p o s i t i o n  of 2.0" f o r  t h e  

h igh  v e l o c i t y  cases  and ex tends  from 4.3" to 6,0tr a t  t h e  

lower v e l o c i t y  r a t i o  cases .  

I n  t h e  r eg ion  c l o s e  t o  t h e  j e t  opening, t h e  data re -  

p o r t e d  may no t  be ve ry  a c c u r a t e ,  

of low v e l o c i t y ,  it is d i f f i c u l t  to g e t  s a t i s f a c t o r y  re- 

s u l t  s .  

Because t h i s  i s  a r eg ion  

B. Veloc i ty  P r o f i l e s  

F igu res  V l - 6 ,  V l - 7 ,  V I - 8  and V l - 9  show t y p i c a l  ve lo-  

The e f -  c i t y  p r o f i l e s  t aken  a t  v a r i o u s  v e l o c i t y  r a t i o s .  

f e c t s  of radial  and axial  momentum t r a n s f e r  by v i scous  

f o r c e  i s  very  ev iden t  i n  a l l  t he  curves .  

I n  a d d i t i o n  to v i scous  fo rces ,  i n e r t i a ,  p r e s s u r e ,  bouy- 

a n t  f o r c e s ,  boundary e f f e c t s ,  etc., a f f e c t s  t h e  momentum 

of a p a r t i c l e  i n  t h e  f low f i e l d ,  

t h a t  can be i n t e r p r e t e d  i n  terms of t h e  a c t i o n s  of t h e s e  

f o r c e s  are noted.  

Two p e c u l i a r  obse rva t ions  

(1) At about f o u r  inches  downstrean, t h e  c e n t e r l i n e  velo-  

c i t y  i s  inverse1:j p r o p o r t i o n a l  to t h e  i n i t i a l  i n n e r  s t ream 

v e l o c i t y ,  thoufgh i n t u i t i o n  l eads  one to b e l i e v e  it to be 

d i r e c t l y  proport ional , ,  I f  c e n t e r l i n e  v e l o c i t y  at v a r i o u s  

p a r t s  downstream is p l o t t e d  aga ins t  i n i t i a l  v e l o c i t y ,  t h e  

cu rve  i s  as shoim i n  F igure  V1-10. The behavior  c m  be 

exp la ined  t h i s  way: At low i n i t i a l  v e l o c i t y ,  t h e  amount 

of f l u i d  to be a c c e l e r a t e d  i s  l e s s ,  hence v i scous  f o r c e  

can  accelerate t h e  f l u i d  p a r t i c l e s  t o  a h i g h e r  v e l o c i t y  
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a t  a s h o x t e r  d i s t a n c e .  

t h e  longe r  t h e  d i s t a n c e  it w i l l  t a k e  to a t t a i n  t h e  o u t s i d e  

a i r  v e l o c i t y ,  However, i f  we go on i n c r e a s i n g  t h e  i n i t i a l  

f l ow rate,  it begins  to approach t h e  o u t e r  stream v e l o c i t y .  

Obviously t h e r e  w i l l  be a minimum i n  dowfistream v e l x i t y .  

The h i g h e r  t h e  i n i t i a l  f low rate,  

Th i s  exp lana t ion  w i l l  be  supported by t h e  fo l lowing  

s implif ied a n a l y s i s .  

The change i n  momentum ( f i n a l  minus i n i t i a l  momentum) 

required t o  a t t a i n  a v e l o c i t y ,  s a y  Uo, by a strean i n  p l u g  

f low i s  g iven  by 

Where p i s  d e n s i t y ,  At i s  c r o s s  s e c t i o n a l  area of tube ,  

U. i s  i n i t i a l  v e l o c i t y ,  U, i s  f i n a l  v e l o c i t y .  Equation 

V1-1 shows t h a t  A M is s m d l  a t  low v e l o s i t y  because U 

i s  small ,  becomes g r a d u a l l y  larger as Ui i s  increased ,  

and t h e n  dec reases  aga in  because (Uo - U . )  becomes smal- 

ler .  The v e l o c i t y  where A M i s  maximum i s  found by d i f -  

f e r e n t i a t i n g  Eqx i t ion  V l - 1 ,  and i s  g iven  below 

1 

i 

l 

ui = - '0 v1-2 
2 

A s imilar  r e s u l t  i s  ob ta ined  f o r  streams i n  laminar f low 

R 2  
I n i t i a l  momentum =J ui D 2 r d r 

0 
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S u b s t i t u t i n g  t h e  Hagen-Poiseui l le  r e l a t i o n  f o r  v e l o c i t y  

i n  a p i p e  and i n t e g r a t i n g  g i v e s  

V l - 3  

Where Mi = i n i t i a l  momentum, At i s  tube c r o s s - s e c t i o n a l  

a r ea ,  Ui i s  average v e l o c i t y  i n  tube, 

f i n a l  momentum = Uo Ui P At 

Hence, 
L. 

and AM maximum occurs  a t  

- 2 u o  'i - 4 

V1-4 

V1- 5 

Equations V1-4 and V l - 5  show t h a t  t h e r e  i s  an i n i t i a l  

v e l o c i t y  i n  which t h e  change i n  momentum r e q u i r e d  t o  ac-  

c e l e r a t e  a f l u i d  stream of a g iven  c r o s s - s e c t i o n a l  area 

t o  a g iven  v e l o c i t y  Uo i s  a m a x i m u m .  Consequently,  t h e r e  

a l s o  e x i s t s  a c e r t a i n  i n i t i a l  v e l o c i t y  i n  which t h e  change 

i n  v e l o c i t y  r e q u i r e d  t o  e f f e c t  a g iven  change i n  momentum 

w i l l  b e  minimun. 

For  p l u g  flow, t h i s  occurs  at 

U ,  minimum = 
1 

V1- 6 
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For laminar  f low 

U. 1 minimum = i-Fit vi-7 

Equat ions  V1-6 and V l - 7  show t h a t  assuming equa l  a c c e l -  

a r a t i v e  f o r c e s  are a c t i n g  

an i n i t i a l  v e l o c i t y  i n  t h e  range 

( A  M), t h e  f l u i d  s t ream which has  

W 11 a t t a i n  t h e  lowast m l o c i t y .  The range i n  va lues  of U i 
f o l l o w s  from t h e  f a c t  t h a t  f low i n  t u r b u l e n t  p ipes  i s  midway 

between t h e  two extremes, f l a t  f l o v  and laminar  flow. 

(2) The c e n t e r  l i n e  v e l o c i t y  from t h e  mouth of t h e  

n o z z l e  does 2ot  immediately inc rease ,  bu t  dec reases  f o r  t h e  

f i r s t  1/2" downstream, b e f o r e  s t a r t i n g  to i n c r e a s e ,  This  

phenomsnon has  been observed only  when t h e  a i r - t o - f r e o n  velo-  

c i t y  r a t i o  i s  h igh .  

of "backflow" behind  t h e  wake of a sphere  or a cylinder, ,  How- 

ever ,  "backflow" i n  t h e  system being d i s c u s s e d  i s  m m i f e s t e d  

as a n e t  r educ t ion  i n  v e l o c i t y  and is  observed only  at h igh  

Its presence  i s  analagous to t h e  e x i s t e n c e  

v e l o c i t y  r a t i o s .  

C. Densi ty  P r o f i l e  

FiguresV1-11, V1-12, V l - 1 3  and V l - 1 4  a r e  d e n s i t y  p r o f i l e s  

a t  v a r i o u s  d i s t a i l ce s  dawnstream. A comparison of t h e  d e n s i t y  
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P- ro= 0. 3% r/ro - 

FIGURE VI - 12 DIM#ENSIONLESS DENSITY PROFILE 
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and v e l o c i t y  p r o f i l e s  shows t h a t  t h e  d e n s i t y  assumes a f l a t  

p r o f i l e  a t  a s h o r t e r  axial d i s t a n c e  than  t h e  v e l o c i t y .  

gene ra l ,  it can be sa id  t h a t  t h e  t r a n s f e r  of mass occurs  at 

a f a s t e r  ra te  t h a n  t r a n s f e r  of momentum. 

I n  

It also appears  t h a t  t h e r e  are at l e a s t  f o u r  r eg ions  of 

flow: (1) The small u n d i s t u r b e d  c o r e  of Freon-12 which e x i s t s  

as f a r  as 2" downstream (F igure  Vl-15) f o r  a v e l o c i t y  r a t i o  

of 5.11. ( 2 )  A c e n t r a l l y  l o c a t e d  mixing zone where most of 

t h e  mixing takes p l a c e ,  Th i s  r eg ion  cove r s  a cross s e c t i o n a l  

a r ea  t h e  s i z e  of t h e  p i p e  c r o s s  s e c t i o n ,  and it extends  to a 

cons ide rab le  d i s t a n c e  downstream. ( 3  ) A middle  s e z t i o n  

wherein c o n c e n t r a t i o n  changes a r e  n e g l i g i b l e  compared to t h e  

mixing zone. ( 4 )  Outer u n d i s t u r b e d  o u t e r  s t r e a n .  These re- 

g i o n s  i n  t h e  f low s t ream a r e  d e p i c t e d  i n  F igu re  Vl-15, 

/ 

i n n e r  

mixing 
zone 

/ Middle S e c t i o n  

F igure  V1-15 - Axial c r o s s  s e c t i o n  of f low s t ream 

i n  c o a x i a l  f l o w  showing t h e  d i f f e r e n t  d e n s i t y  regions. 

An i n t e r e s t i n g  ozcurrence  a t  t h e  h igh  v e l o c i t y  rati.0 (See  

Figures  V l - 1 1 ,  1 2 ,  and 1 3 )  i s  t h e  p re sence  of a hump i n  the 



d e n s i t y  p r o f i l e  a t  1/4 and 1 / 2  inch  downstream of t h e  

i n i t i a l  f a c e ,  The expec ted  curve  i s  one wi th  a monotonic 

dec rease  of d e n s i t y  as radial  d i s t a n c e  i n c r e a s e s .  

~ 

This  might be exp la ined  i n  part by Equat ion V-1, which 

g i v e s  t h e  r e l a t i o n  of average power to d e n s i t y .  

v- 1 

At large d e n s i t y  f l u c t u a t i o n s ,  t h e  c o r r e c t i o n  terms 

d;?p - 
do 

- -d P ' 2  - ... 
which g i v e  a p o s i t i v e  e r r o r  to the average power might no t  be 

n e g l i g i b l e .  For  i n s t a n c e ,  f o r  run  4F, axial p o s i t i o n  2.0 

and radial  p o s i t i o n  0.2", 

-4 d2P 
do2 

i s  found by d i f f e r e n t i a t i n g  t h e  power expres s ion  

g i v e n  i n  t h e  sample c a l c u l a t i a n  of Chapter  V. 

From Equat ion  V-1 

Pd ( P )  = 1.604 - (.00177)(17.6) = 1.573 

From F i g i r e  IV-3 
- 
P = 0,193 which d i f f e r s  from .183 by 8.5%. 
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The n e t  e f f e c t  of n e g l e c t i n g  t h e s e  terms i s  t h a t  a lower 

The f a c t  t h a t  t h e  d e n s i t y  f l u c -  d e n s i t y  r ead ing  i s  ob ta ined .  

t u a t i o n  i s  h i g h e s t  when t h e  measured d e n s i t y  i s  lower t h a n  ex- 

pected,  p a r t i a l l y  s u p p o r t s  t h i s  hypo thes i s .  I n  t h e  d e n s i t y  

p r o f i l e  curves ,  t h e  s p o t s  where humps might occur  are i n d i -  

c a t e d  i n  F i g u r e  V I - 1 6  

P, 
/ -\, 

r eg ion  of ' 
h i g h  d e n s i t y  
f l u c t u a t i o n  

radial  
d i  s t anc e 

F igure  VI-16 Regions where d e n s i t y  p r o f i l e  might show humps 

However, it w a s  found t h a t  t h e  magnitudes of t h e  e r r o r  

c o r r e c t i o n s  were much s m a l l e r  t h a n  t h e  d e v i a t i o n s  observed ,  

A c o r r e c t i o n  of about 1% i n  t h e  d e n s i t y  c a l c u l a t i o n s  brought  

t h e  d e v i a t i o n s  to w i t h i n  50% of t h e i r  expec ted  v a l u e s .  

o t h e r  reason f o r  t h e  occur rence  of ths phenomocmon can be 

given. 

No 



CONCLUSIONS 

(1) 

l o s s  from three independent h o t  f i l m  anemometers can provide  

a means f o r  de t e rmin ing  

It has  been i n d i c a t e d  i n  t h e  l i t e r a t u r e  t h a t  t h e  power 

- - - 
P ' ~  , P' u '  , and u'2 

For t h e  f low system cons idered ,  it was found t h a t  t h e  magni- 

t u d e  of t h e  exper imenta l  e r r o r  i n  t h e  data i s  as l a r g e  as t h e  - 
va lue  of P ' ~  and, hence, t h e  equat ions  a r e  n o t  r e a l l y  i n -  

- 
dependent.  Another method t o  e s t ima te  P ' ~  is necessary .  

( 2 )  

i s  no t  a measure of t h e  f l u c t u a t i n g  d e n s i t y  i n  t h e  f low f i e l d  

bu t  of t h a t  i n  t h e  a s p i r a t o r  probe. These f l u c t u a t i o n s  a r e  con- 

s i d e r a b l y  damped from t h o s e  i n  t h e  f r e e  s t r eam,  

The f l u c t u a t i n g  power recorded  by t h e  a s p i r a t o r  probe 

- - 
( 3 )  Because of t h e  r e l a t i o n s h i p  between p ' 2  and u '2  

~~ 

a large change i n  t h e  magnitude of F '  u s u a l l y  has  only  a 

small e f f e c t  on t h e  magnitude of u ' ~  a t  t h e  range  where t h s  

power loss eqclations a r e  a p p l i c a b l e .  

- 

( 4 )  
an i n i t i a l  r eg ion  and a similar region, much l i k e  t h e  d e n s i t y  

and  v e l o c i t y  p r o f i l e s  

The t u r b u l e n c e  i n t e n s i t y  p r o f i l e s  may be d i v i d e d  i n t o  

( 5  1 
t h e  similar p o r t i o n  wi th  m a x i m a  havin3  m3gnitudes of about 4%. 
I n  t h e  s imi la r  r eg ion ,  m . y r i m u m  i n t e n s i t i e s  are about  15%. The 

maximcn depends on t h e  v e l o c i t y  r a t i o  of t h e  s t reams.  

I n  t h e  i n i t i a l  reg ion ,  i n t e n s i t i e s  are h i g h e r  t h a n  i n  

73 



BIBLIOGRAPHY 

1. 

2 .  

3 .  

4. 

5. 

6 .  

7. 

8. 

9 .  

10. 

S c h l i c h t i n g ,  H., "Laminare Strahlausbreit-unc;r" ZANI@ 13, 
1933 - 
Andrade, E.N., "The Ve loc i ty  D i s t r i b u t i o n  i n  a L i q u i d  
i n t o  L i q u i d  Jet - The P lane  Jet". Proc. Phys. SOC. 
Lond. 51, 1939. 

Zawacki, T., Ph. D. Thes i s  "Turbulence i n  t h e  Mixing 
Region of Co-axial  Strexns".  Ill. I n s t .  of Tech. 1967. 

Abramavitch, G.N.,  "The Theory of Turbulent  J e t s ,  M.I.T. 
P r e s s .  Cmbr idge ,  Mass. 1963. 

Tollmien, W., "Berechnung Turbu len te r  Aus b re i tungsvor -  
gange" ZRW 6, 1926 T r a n s l a t e d  as NACA TM 1085, 194-5. 

G o e r t l e r ,  H., "Berechnung von Aufgaben der f r e i e n  Tur- 
bu lenz  auf Grund e i n e s  neuen N ~ ~ e r u n g ~ a n a a t z e s "  ZAKV 
22, 1942. 

Keuthe, A.M., " I n v e s t i g a t i o n  of t h e  Turbulent  Region 
Formed by Jets" Journa l  of Applied Mechanics, Trans.  
ASME V o l .  57, 1935. 

Squ i re ,  H.B. and Trouncer,  J., "Round Jets i n  a General 
St ream" Aeronaut ica l  Resaarch Comii t tec  Technica l  Report ,  
R and M No. 1974, 1944. 

F e r r i ,  A., Libby, P.A. and Zakkay, V., "Theore t i ca l  and 
Experiment a1 I n v e s t i g a t i o n s  of Supersonic  Combustion" 
Aeronau t i ca l  Res. Lab, Report  ARL 62-467 Se2t. 1962. 

A l p i n i e r i ,  L , J o ,  "AA E x p r i m c n t a l  I n v e s t i g a t i o n  of t h e  
Turbulent  Mixing of Non-homogeneous Co-axial  J e t s " .  
Poly tech .  I n s t ,  of Brooklyn, P i b a l  Rept. 6,5'9, 1953, a lso  
"Turbulent Mixing o f  Co-axial  Jets AIAA. Jou rna l  Vol. 2 

1964. 



11. 

12. 

13 8 

14. 

15. 

16. 

17. 

18. 

l 9  8 

20. 

Ragsdale, R.G., Weinstein,  H. and Lanzo, C.D., "Cor- 
r e l a t i o n  of a Turbulent  Air-Bromine Co-axial  Flow Ex- 
p e r  iment ". 
Boehman, L, , "Mass and Momentum Transpor t  P r o p e r t i e s  
i n  I s o e n e r g e t i c  Co-axial  Flows", Ph.D. Thes is ,  I l l i n o i s  
I n s t .  of Tech, 1965. 

Weinstein,  H. and Todd, C.A., "Analysis  of Mixing of 
Co-axial  Streams of Dissimilar F l u i d s  I n c l u d i n g  Energy 
Generat ion Terms .  

Coi-rsin, S., Natl. Advisory Conmittee Aeronaut.  Wartime 

Repor ts  No. 94, 1943. 

C o r r s i n ,  S., and Uberoi,  M.S., "Fur the r  Experimsnts i n  
t h e  Flow and Heat T r a n s f e r  i n  a Heated Turbulent  Jet" 

NACA Rept. 998, 1950. 

Tani ,  I. and Kobashi, Y., "Experimental  S t u d i e s  on Com- 
pound Jets" Proceedings of t h e  1st Japan Nat iona l  Con- 
gress for Appl. Mech., 1951. 

Kobashi,  Y., "Experimental S tud ie s  on Compound J e t s "  
(measurement of t u r b u l e n t  c h a r a c t e r i s t i c s  ) Proceedings 
of t h e  2nd Japan Na t iona l  Con'jress f o r  Appl. Mech. 1952. 

Rosensweig, ROE., "Me3surement and C h a r a c t e r i z a t i o n  of 
Turbulent  Mixing Fuels"  Res. L a b .  May, 1959. 

Blackshear ,  Jr., POL. and Fin'yerson, L., " R s G i d  Re- 
sponse Heat Flux Probe f o r  High Temperature Gases", 
ARS Journa l ,  Nov. 1962. 

Conyer, W.L., "Measurement of Concent r a t  ion  F luc tua-  
t i o n s  i n  t h e  Mixing of Two Gases by Hot-wire Anzmometer 
Techniques",  Ph.D. Thes is  Univ. of Penn. 1965. 

75 



21. King, L.V., Phil Trans Roy. SOC. London 214A pg. 273, 
1917 . I 

22. Van der Hegge Zijnen, B.G,, Appl. Sci. Research 6A pg. 1 

129, 1956. I 

23. Kramers, H., Physica 12, pg. 61, 1946. 

24. Corrsin, S., "Extended Applications of the Hot: Wire 
Anem3meter" NACA Technical Note 1864, 1949. I 

25. D'Soclza, G.J., M;S. Thesis, "Turbulence Correlations , 
in a Co-axial Flow of Dissimilar Fluids", Illinois Inst.' 
of Tech. 1967. 

26. Hinze, J.O., "Turbulence'' McGraw-Hill Book Cow 

NASA-Langley, 1961 - 12 



NASA SCIENTIFIC AND TECHNICAL PUBLICATIQNS 

TECHNICAL REPORTS: Scientific and technical information coitsidered 
imporcant, complere, m d  a lasting conrnbution to existing knowledge. 

TECHNICAL NOTES: Information less broad in scope but neverthefes.; of 
imprtance as a contribution to evisring knowledge. 

TECHNICAL IlfEMORANDt'hfS: Infomiation receiving tiniited distribu- 
tion because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Scientific and technical information generated 
under a NASA contract or grant and considered an important contribution to 
existing knowledge. 

TECHNICAL TRANSLATIONS: Information published io a foreign 
language considered to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: 
activities. 
coapibeioas, haodbodrs, soarcebcmks, aad spEciA bibliographies. 

TECm'OLOGY L'̂ I?LIZ#iTIC)N PYBLICATIOSS: Information o n  tech- 
nolngy used by NASA that nid? be t d  pmicutar interest In cornmtrcid arid other 
oon-aer0spdL.e rppl:catiunr. l'uhltc.;tii>n~ irttlude I rth Brteis, i tzhidogj 
Utilization Reports and Kntcz, 'inJ 'FeLhnrA-gy Sune)s. 

Information derked from or of ?slue to NASA 
Publications include conference proceedings, monographs, data 

b'ashington, D,c. PO546 


